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Abstract 3D cultures of stem cells can preserve differentia-
tion potential or increase the efficiency of methods that induce
differentiation. Mouse bone marrow-derived stromal cells
(BMSCs) were cultured in 3D as scaffold-free spheroids or
“mesoid bodies” (MBs) and as aggregates on poly(lactic) acid
microspheres (MB/MS). 3D cultures demonstrated viable
cells, interaction on multiple planes, altered cell morphology,
and the formation of structures similar to epithelial cell brid-
ges. Cell proliferation was limited in suspension cultures of
MB and MB/MS; however, cells regained proliferative capac-
ity when transferred to flat substrates of tissue culture plates
(TCPs). Expanded as monolayer, cells retained expression of
Sca-1 and CD44 stem cell markers. 3D cultures demonstrated
enhanced potential for adipogenic and osteogenic differentia-
tion showing higher triglyceride accumulation and robust
mineralization in comparison with TCP cultures. Enhanced
and efficient adipogenesis was also observed in 3D cultures
generated in a rotating cell culture system. Preservation of
multilineage potential of BMSC was demonstrated in 5-
azacytidine treatment of 3D cultures and TCP by expression

of cardiac markers GATA4 and ACTA1 although functioning
cardiomyocytes were not derived.
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Introduction

Standard cell culture is 2D where cells on a flat substrate do
not have the cell–cell interaction or cell–matrix interaction
found in vivo (Yamada and Cukierman 2007). The 3D envi-
ronment of an organ affects cell function and cell fate as sev-
eral critical cellular processes are influenced by the surround-
ing microenvironment (Bloom and Zaman 2014). Therefore,
in vitro culture of cells in 3D can help in understanding au-
thentic, in vivo cellular function and differentiation. The mor-
phology of cells and intercellular signaling is more physiolog-
ical in 3D cultures than in standard 2D cell cultures.
Furthermore, 3D cell cultures permit rapid experimental ma-
nipulations using molecular biology techniques and allow bet-
ter imaging by microscopy than animals (Yamada and
Cukierman 2007). Sphere formation by cells in suspension
allows a high degree of multiplanar interactions between cells
and cell matrix and the formation of niches and microenviron-
ments. Embryonic stem cells form spheroids termed embryoid
bodies that can be differentiated to cardiomyocytes (Lei et al.
2015), and spheroids of cancer cells called tumorospheres
serve as intermediate cancer models between in vitro cancer
cell lines and in vivo tumors (Weiswald et al. 2015). Cell
spheroids are therefore basic but effective tools to create 3D
environments and can be generated using static suspensions or
agitating bioreactors. The 3D spheroid culture model can also
be applied to adult stem cells (Baraniak and McDevitt 2012;
Cha et al. 2015). Bone marrow stromal cells (BMSCs) or
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MSC possess the ability to self-renew and differentiate to a
number of mesenchymal lineages in vitro (Pittenger 2008).
Undifferentiated BMSC can either be transplanted in vivo into
region of trauma where in situ differentiation can occur, or
differentiated BMSC can be expanded in vitro and
transplanted. Both methods require a considerable number of
BMSC, which are often expanded by standard cell culture in
tissue culture plates (TCPs) prior to transplantation. However,
the plasticity of BMSC reduces with the prolonged culture that
is required to generate cell numbers suitable for transplanta-
tion because multiple passages and long-term cultures tend to
lose self-renewal, replication, and differentiation potential
(Bonab et al. 2006; Wagner et al. 2010). Culturing MSC in
spheroids has been reported to preserve their multilineage po-
tential (Baraniak and McDevitt 2012; Cha et al. 2015). In this
study, we explore the effects of spheroid culture on Bmesoid
bodies” (MBs) of BMSC using scaffold-free and scaffold-
assisted modes of culture. Mesoid bodies were grown on
poly(lactic acid) (PLA) microspheres (MB/MS) and
scaffold-free culture using static suspensions (MB). We report
the changes in adipogenic, osteogenic, and cardiomyogenic
differentiation of MB and MB/MS in comparison to standard
2D culture in TCP. We also explore the use of the rotating cell
culture system (RCCS) to develop a protocol for efficient
differentiation of BMSC into adipocytes.

Materials and Methods

Isolation and culture of MSCs. Swiss albino (SA) mice were
procured from King’s Institute, Chennai, Tamil Nadu, India.
All procedures were approved by the Institutional Animal
Ethics Committee (IIT Madras, India) and the Committee
for the Purpose of Control and Supervision of Experiments
on Animals (CPCSEA), Government of India. Standard 48-h
culture protocol: Adult SA mice (6-wk old and above) were
sacrificed by cervical dislocation, and femur and tibia were
dissected out in ice-cold Dulbecco’s phosphate-buffered sa-
line (DPBSA) using iris or Castroviejo Scissors. The marrow
cavity was exposed at both ends using a vascular forceps and
surgical scalpel (BP handle 4, size 20). A 27-gauge needle
attached to a 10-ml syringe containing ice-cold media was
inserted into the spongy bone exposed by removal of the
growth plate to flush out the marrow. Bone marrow cells were
centrifuged at 80×g and replated in a TCP containing
Dulbecco’s modified Eagle’s medium-F12 (DMEM/F12) sup-
plemented with 10% fetal bovine serum (FBS), 100 U/ml
penicillin, 100 μg/ml streptomycin, 2 mM L-glutamine,
1 mM sodium pyruvate, and 0.1 mM non-essential amino
acids (Life Technologies, Carlsbad, CA). Cells were seeded
at a density of 2.5×106 cells/ml and incubated at 37°C, 5%
CO2 in a humidified incubator. Non-attached cells were re-
moved with change of medium after 48 h.Modified protocol:

Adult SA mice less than 3 wk old and 25 g in weight were
used for isolation of bone marrow cells, and procedures were
carried out in complete medium which was prewarmed to
37°C. Flushed marrow was passed through a 100-μ filter
mesh (BD Biosciences, Bedford, MA) before plating as de-
scribed above. After 3 h, the non-adherent cells were removed
gently and medium was replenished. Medium was changed
every 8 h for 72 h of culture. Confluent cells were passaged by
washing with DPBSA, followed by incubation in 0.5 ml of
0.25% trypsin/EDTA (Life Technologies) for 2 min at room
temperature. After neutralization with complete medium, cells
were centrifuged and replated in fresh TCP at a ratio of 1:2.

Spheroid culture of BMSC. Scaffold-free cultures were gener-
ated by using up to 0.5×106/ml of enzymatically dissociated
BMSC that formed mesoid bodies in suspension over a 2%
agar underlay on TCP surface within 48 h. Scaffold-assisted
cultures were generated similarly using microspheres provid-
ed by Dr. Sanjeeb K Sahoo, Institute of Life Sciences,
Bhubaneswar. Porous PLA microspheres co-polymerized
with gelatin, alginate, dextran, and pectin were prepared by
modifying the solvent evaporation method as previously re-
ported by Sahoo et al. (2005). Twenty milligrams of lyophi-
lized microspheres was suspended in FBS for 1 h prior to
culture. Enzymatically dissociated cells (0.5×106) were
mixed with microspheres gently and incubated for up to
48 h for cells to adhere and aggregate to form MB/MS. MB
and MB/MS were shifted from suspension to TCP surface
using 1-ml pipettes.

Immunocytochemistry. Immunocytochemistry (ICC) for cell
markers was carried out as reported previously (Tekkatte et al.
2012), by using primary antibodies against anti-alpha sarco-
meric actin (ACTA1; 1:100; raised in mouse; Sigma-Aldrich,
St. Louis, MO), Sca-1 (1:100 raised in mouse; Santa Cruz
Biotechnology, Santa Cruz, CA), CD44 (1:50; raised in rat;
Santa Cruz Biotechnology), Thy1 (1:50; raised in mouse;
Santa Cruz Biotechnology), CD29 (1:50; raised in mouse;
Santa Cruz Biotechnology), GATA4 (1:100; raised in mouse;
Santa Cruz Biotechnology), CD34 (1:100; raised in rat; Santa
Cruz Biotechnology) after the cell monolayer had been fixed
in 4% paraformaldehyde (PFA) and 0.25% Triton-X. Nuclei
were stained with 4′,6-diamidino-2-phenylindole (DAPI)
(1:500 from a 2 mg/ml stock; Sigma-Aldrich). The samples
were subsequently incubated with fluorescein isothiocyanate
(FITC)-conjugated anti-rat/mouse IgG (1:100; Sigma-
Aldrich) for 1 h at room temperature. Finally, cells were
washed well in DPBSA and visualized by using a fluo-
rescence microscope (Nikon TiE, Melville, NY, with
NIS Elements Nikon Advanced Research (Ars) 3.0 im-
aging software).
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Live staining with DiI. The progression of growth around
microspheres was visualized by staining the cells with a
c a r bo cyan i n e dye , 1 , 1 ′ - d i o c t a de cy l - 3 , 3 , 3 ′ , 3 ′ -
tetramethylindocarbocyanine perchlorate (DiI). One milliliter
of fresh DMEM/F12 was added along with 8 ml of 5 mg/ml
DiI (40 mg/ml) to a BMSC monolayer, and the flasks were
incubated at 37°C overnight. Cells were washed well and
enzymatically dissociated with trypsin/EDTA. DiI-loaded
cells were seeded on microspheres as previously described
and incubated. The stained cells were visualized using
Nikon-Ti fluorescent microscope using a TRITC (Texas
Red) filter. Perimeter and area of fluorescent MB/MS were
calculated using the Nikon Ar (Advanced Research)
Software algorithm for measurement.

Scanning electron microscopy. Cultures were washed and
fixed in 4% glutaraldehyde at room temperature for 45 min
followed by washes in DPBSA. Cultures were then subjected
to a series of alcohol washes using 40, 60, 80, 90, and 100%
ethanol, for less than a minute in each dilution. Dried samples
were visualized using a FEI Quanta 200 scanning electron
microscope with secondary electron (SE) and back-scattered
electron (BSE) detectors. Carbon sputtering was carried out if
samples necessitated the need for definition during imaging.

Semiquantative RT-PCR and RT-PCR amplification. RNA
was isolated using Trizol reagent (Sigma-Aldrich), and 1.5 μg
of total RNA was converted to complementary DNA (cDNA)
using MMLV-RT (Thermo Scientific, Waltham, MA) and
oligo-dT primers (New England Biolabs, Beverly, MA). The
resulting cDNA was amplified by PCR using gene-specific
primers. PCR products were visualized on a 2.5% agarose gel
after staining with ethidium bromide. Real-time PCR was
carried out as previously reported (Shyamsunder et al. 2013)
using SYBR Green Real-Time PCR Kit from Qiagen on an
Eppendorf Mastercycler, ep realplex (Eppendorf, Hamburg,
Germany). Relative mRNA expression was determined by nor-
malization to the expression of a housekeeping gene, beta-actin
(primer list is provided in Supplementary Table 1, densitometry
analysis for SQRT-PCR was carried using ImageJ software).

Western blotting. Western blotting was carried out as previ-
ously reported (Shyamsunder et al. 2013). Cells were washed
with phosphate-buffered saline (PBS), lysed in ice-cold radio
immunoprecipitation assay (RIPA) lysis buffer containing
protease inhibitors and centrifuged at 10,000×g for 15 min
at 4°C to remove debris. Protein concentration in the cell
lysates was estimated using the BCA method (Pierce,
Madison, WI). The protein samples were mixed with 1×
Laemmli sample buffer and boiled for 5 min. Proteins were
subjected to 10% SDS-PAGE and electroblotted onto Bio-
Rad, 0.22-μM nitrocellulose membrane (Bio-Rad
Laboratories, Hercules, CA). Primary antibodies for GATA4

(1:150; Santa Cruz Biotechnology), alpha sarcomeric actin
(ACTA1; 1:500; Sigma-Aldrich), and beta actin (ACTB;
1:1000; Sigma-Aldrich) were used along with goat anti-
rabbit and anti-mouse horseradish peroxidase-conjugated sec-
ondary antibodies (1:10,000; Sigma-Aldrich). Antibody-
reactive proteins were detected by means of enhanced chemi-
luminescence, Pierce ECL Plus western blotting detection re-
agents (Pierce). The chemiluminescence intensity was cap-
tured using VersaDoc Imaging System (Bio-Rad).
Densitometry analysis for WB was carried using ImageJ
software.

Flow cytometry for surface marker analysis and cell cycle.
Cells were fixed in 4% PFA and labeled with anti-Sca-1,
CD44, Thy-1, and CD105 mAb (anti-mouse, raised in rat;
BD Biosciences) for 45 min. Cells were then washed with
DPBSA three times and labeled with FITC-conjugated anti-
rat IgG mAb (Sigma-Aldrich). Labeled cells were analyzed
with a flow cytometer (Becton, Dickinson FACSCalibur, San
Jose, CA). Gating was implemented based on unlabelled and
FITC-conjugated IgG isotype control staining profiles. For
cell cycle analysis, the cells were harvested and washed in
PBS before fixation in cold 70% ethanol which was added
drop wise to the pellet while vortexing. Cells were fixed for
30min at 4°C. Fixed cells were washed twice in PBS and spun
at 250×g in a centrifuge. Cells were incubated with 50 μl of a
100 μg/ml stock of RNase and 200 μl propidium iodide (from
50 μg/ml stock solution). A BD FACSCalibur flow cytometer
was used to analyze the cell population for cell cycle changes.

Adipogenic, osteogenic, and cardiomyogenic differentiation.
The adipogenesis induction medium consisting of 500 μM 3-
isobutyl-1-methylxanthine (IBMX), 10 μM indomethacin,
and 1 μM dexamethasone in DMEM/F12 with 10% FBS
and osteogenic medium consisted of 0.2 mM ascorbic acid,
and 10 mM β-glycerophosphate in DMEM/F12 10% FBS
was applied to scaffold-free and scaffold-assisted cultures of
BMSC. The med ium was changed every 48 h .
Cardiomyogenic differentiation was carried out by adminis-
tering 5 μM 5-azacytidine for 24 h. Cells were washed well
with DPBSA and replenished with fresh DMEM/F12. Cells
were observed for morphological changes for 32 days from
day of 5-azacytidine (5-aza) treatment.

Oil red staining and Nile red staining for mature adipocytes.
Oil Red O stock was prepared with 0.03 g of Oil Red O
dissolved in 10 ml of 100% isopropanol. Working solution
of Oil Red O (ORO) was freshly prepared by adding 6 ml of
the ORO stock solution to 4 ml of distilled water and kept at
40°C for 1 h and filtered. Cells fixed in 10% formalin for
30 min at room temperature (RT) were rinsed well with dis-
tilled water before adding ORO working solution and kept for
15 min at RT. The stain was removed and washed with
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DPBSA followed by subsequent washes in milliQ water. The
adipogenic-differentiated cells with the triglyceride droplets
were visualized and identified by characteristic round shape
and intracellular lipid accumulation, stained bright red by
ORO. To perform the quantification of triglyceride accumula-
tion, Oil Red O was solubilized by treating the stained cells
with 100% isopropanol for 10 min. With the eluted
sample, the optical density was measured with a spec-
trophotometer at 520 nm (PerkinElmer, Waltham, MA).
For Nile red staining, cells were fixed for 30 min in
10% neutral-buffered formalin at room temperature and
washed twice with PBS. Cells were then incubated for
15 min with 8 mg/ml DAPI and 1 mg/ml Nile red in
PBS at room temperature. Cells were washed and visu-
alized with a fluorescence microscope.

CFU assay. Cells were cultured in methyl cellulose at 10× of
final concentration (0.3 ml of cells to 3 ml of methyl cellu-
lose). A thin layer of methyl cellulose cell mixture was dis-
pensed using a 3cc syringe and evenly spread in the dish by
gentle swirling. Cultures were incubated at 37°C, 5% CO2 in
air, and ≥95% humidity. Attached cells formed colonies that
were then stained with crystal violet (0.5 mg/ml in 1% meth-
anol) for 20 min and air-dried after washing in distilled water.
Stained colonies were visualized under a Nikon eclipse Ti
phase contrast microscope.

BrdU labeling for cell proliferation. Bromodeoxyuridine
(BrdU; Sigma-Aldrich) was diluted to a 1 mM concentration
with 1× DPBS, and 50 μl of 1 mM stock was added to ex-
panded cells fromMB (final concentration is 10μMofBrdU).
Cells were incubated at 37°C with 5% CO2 in air for 1 h
before visualization with a florescence microscope.

Statistical analysis. All experiments were carried out in repli-
cates, and results were expressed as mean±SD. Statistical

significance was calculated by using Student’s t test with the
Prism 5 program (GraphPad Software, San Diego, CA).

Results and Discussion

Culture of BMSC in 2D monolayer and 3D suspensions. The
adult bone marrow stromal cell can be cultured in vitro in
basal media under standard culture conditions. Under ade-
quate conditions, these cells can differentiate into the various
lineages of mesenchymal origin. BMSC were isolated from
the femur and tibia of adult Swiss albino mice and cultured in
TCPs (Soleimani and Nadri 2009) as a monolayer. Isolation
and culture conditions were optimized to generate cultures
that contained Sca-1+, CD44+, CD29+, CD90+, CD105+, and
CD34− cells (Fig. 1a–k). The expression of these markers
indicates a multipotent, progenitor cell population. The ability
of BMSC to adhere to plastic is vital to their culture as a
monolayer (Fig. 2a) and is a minimal criterion for identifica-
tion as a mesenchymal stem cell (Dominici et al. 2006). Under
specific conditions (Spheroid culture of BMSC section),
BMSC can be cultured in static suspensions as aggregates of
cells by providing an unsuitable surface for adherence
(Fig. 2b). These scaffold-free aggregates were termed MBs
in reference to their highly potent embryonic stem cell coun-
terparts, embryoid bodies, generated with similar methods
(Itskovitz-Eldor et al. 2000). Based on the method of aggre-
gation, MB ranged in size from 20 μm in diameter to over
200 μm. Culture conditions were optimized such that typical
MB would be between 50 and 100 μm in diameter (Fig. 2b).
When the same aggregation method was used in the presence
of PLA MS (Fig. 2c), the MB adhered to the MS, incorporat-
ing multiple MS into large aggregates (Fig. 2d) and prolifer-
ated around them, using the MS effectively as scaffolds. The
MB/MS aggregates could then be transferred to a TCP where,
similar to explant cultures, the cells were shed from the MB/
MS onto the TCP surface and proliferated as a monolayer

Figure 1. Characterization of BMSC. (a–e) Characterization of MSC by
ICC for surface markers Sca-1+, CD44+, CD29+, CD90+, and CD34−,
respectively (nuclei counterstained with DAPI). (f–k) Flow cytometry

analysis of MSC markers CD44, CD90, and CD105 with unstained
control (f–i) and Sca-1 with UST (unstained) control (j, k).
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(Fig. 2e). Over a period of 10–14 days, the cells formed a
confluent monolayer and detached from the scaffolds,
degrading them in the process (Fig. 2f). The degraded MS
were washed out during routine maintenance and subculture.

The microspheres are solid particles, and therefore, detailed
visualization of cell growth around the MB/MS was carried
out using a live imaging procedure with a fluorescent dye. DiI
is a lipophilic carbocyanine dye and is used for live tracking of
MSC in vivo (Weir et al. 2008). The dye uniformly labels cells
via lateral diffusion in the plasma membrane without affecting
cell viability, development, or basic physiological properties.
Figure 2g shows a live monolayer of BMSC stained with DiI.
Stained cells were trypsinized and cultured along with micro-
spheres to generate fluorescent MB/MS aggregates (Fig. 2h,
i). As the fluorescent signal is exclusive to the cells, the pattern
and growth of cells on MB/MS can be observed under a fluo-
rescent microscope. Figure 2h, i, j demonstrates initial

incorporation of MS into MB aggregates over brief time pe-
riods (~24 h) where microspheres are clearly distinguishable.
Figure 2k shows a confluent MB/MS aggregate where the
microspheres are completely engulfed by cell growth after
~48 h. The dye is retained after transfer of MB/MS onto
TCP as cells shed from the aggregate (Fig. 2l). The retention
of dye indicates viability as the dye does not transfer from
labeled to unlabeled cells and transfer may occur only when
the membrane is disrupted. Therefore, the fluorescent signal is
from intact cell membranes only, as the dye is weak in water if
it were to leak out as a consequence of cell death.

Having established viable BMSCcultures in suspension using
microspheres as scaffolds, we tested the ability of different poly-
mers copolymerized with PLA microspheres to support cell cul-
ture. Four different polymers, alginate, dextran, gelatin, and pec-
tin were used for BMSC culture. Alginate and gelatin are rou-
tinely used for adherent cell culture, and alginate hydrogels and

Figure 2. Culture of BMSC as MB and MB/MS. The figure describes
3D culture of BMSC as mesoid bodies (MBs) and as aggregates with
microspheres (MB/MS). Live staining was used to confirm viability and
growth of cells around microspheres and their aggregation. (a) Crystal
violet stained monolayer culture of BMSC. (b) BMSC grown in
suspension as MB. (c) Bright field micrograph of microsphere (MS) in
suspension. (d) Cells grown as MB on MS (MB/MS). MB incorporates
multiple MS and proliferates using them as scaffolds. (e) Cells shed from
MB/MS and expanded as a monolayer on TCP. (f) MS degraded by
confluent growth of BMSC. (g) DiI stained (live) BMSC in TCP. (h)
BF micrograph showing an MB/MS in stages of formation at 24 h. Cells
are loaded with DiI. (i) Fluorescent micrograph showing DiI-loaded
BMSC incorporating MS. (j) Merged image showing progressive incor-
poration of multiple MS and MB, forming large aggregates. (k) DiI

staining demonstrates confluent MB/MS aggregate in 48 h where micro-
spheres are completely incorporated and encapsulated within MB/MS. (l)
DiI-loaded MB/MS transferred to TCP after 48 h and grown as monolay-
er for further 48 h. (m–q) Co-polymerization of PLA MS for MB/MS
culture. PLA was co-polymerized with different substances to increase
cell adhesion and growth on MS. (m–q) DiI-loaded MB cultured on
alginate-PLA, dextran-PLA, gelatin-PLA, pectin-PLA, and only PLA
microspheres. (r, s) Perimeter and area comparison, respectively, between
MB/MS cultures using Nikon Ar automated florescence-based
measurement tool (A alginate, D dextran, G gelatin, P pectin); *p value
0.01 to 0.05, **p value 0.001 to 0.01, ***p value 0.0001 to 0.001. (t–y)
Scanning electron micrographs show surface and shape of alginate,
gelatin, and dextran—PLA MS under dry and wet conditions.
Difference in porosity can be observed.
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microspheres have been employed in stem cell culture (Ashton
et al. 2007). Dextran is often copolymerized with other mole-
cules that improve its ability to serve as scaffolds (Lévesque and
Shoichet 2006), while pectin is used in injectable biomaterials for
bone tissue engineering (Munarin et al. 2011). The ability of
these polymers to support BMSC adhesion for viable cell culture
was measured using live imaging (Fig. 2m–s) and the automated
tool of the Nikon Advanced Research software based on fluores-
cent signals. No significant difference in cell adhesion and ag-
gregation of MB/MSwas observed among the different coatings
(Fig. 2m–q); however, gelatin and dextran-coated MS generated
the largest MB/MS aggregates based on perimeter and area
(Fig. 2r, s).While gelatin is a derivative of collagen and is known
to support cell adhesion, dextran has limited cell-binding capa-
bilities. These results suggest that dextranmay be suitable for cell
culture copolymerized with a PLA microsphere scaffold.
Figure 2t–y shows scanning electron micrographs (SEMs) of

alginate, gelatin, and dextran microspheres taken under dry con-
ditions and after 96 h in culture medium. It was observed that the
MS maintained their structural integrity during the incorporation
and aggregation of MB/MS and only begin to degrade after cells
recede from theMS (Fig. 2f). Figure 2t, v, x also demonstrates the
surface of theMS, where alginate MS shows a less porous struc-
ture as compared to gelatin or dextran MS. The porosity of the
surfacemay play a role in cell adhesion and expansion, providing
larger surface area for cells to attach to and colonize. This may
contribute to the larger MB/MS aggregates formed by cells on
gelatin and dextran MS (Fig. 2r, s). The diameter of an MS
ranges from 25 to 100 μm with most MS averaging 50 μm in
diameter (Fig. 2t, v, x). A typical MB/MS aggregate can incor-
porate between 5 and 10 MS when it reaches a confluent stage,
while large aggregates can be composed of >20 MS (Fig. 2e, k).

To understand the surface morphology of cells on the MS
and to reveal structural details of a typical MB/MS, SEM was

Figure 3. SEM analysis of MB/MS in culture. Scanning electron
microscopy (SEM) was used to observe various stages in culture of
mesoid body/microsphere (MB/MS). (a) SEM images showing standard
2D culture of BMSC. (b) Microsphere particles prior to culture. (c) 3D
growth of MB incorporating MS (early stages of growth). (d) Confluent
MB/MS where microspheres are completely encapsulated by cells. (e)
Typical MB/MS culture with multiple aggregates of confluent MB/MS.

(f) MB/MS transferred to TCP where cells attach to flat substrate. (g)
Cells shed from MB/MS onto TCP and expand as monolayer. (h)
Confluent cells degrade and grow over MS demonstrating retention of
proliferative capacity. (i–l) Cell–cell interaction on multiple planes and
formation of unique structures such as cell bridges (TNT-like structures or
EP bridges) in MB/MS aggregates transferred to TCP.
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carried out on various stages of the development of the MB/
MS (Fig. 3). Figure 3a shows a subconfluent monolayer cul-
ture on a TCPwhich is loaded onto gelatinMS (Fig. 3b) at 105

cells/ml. Figure 3c shows cells incorporating and growing
over the microspheres, forming MB/MS until the cells are
confluent (Fig. 3d). Typical MB/MS aggregates in suspension
(Fig. 3e) can be collected by a wide mouth pipette and trans-
ferred to a cell-binding surface such as TCP, where cells an-
chor the MB/MS to the plate (Fig. 3f). Similar to explant
culture, the cells shed from the aggregate and onto the TCP
and resume proliferation (Fig. 3g). Figure 3h shows a conflu-
ent layer of cells overgrowing and degrading the microspheres
which lose structural integrity and embed within the cell layer.
Figure 3i–l shows the 3D pattern of growth of cells and their
interaction on multiple planes. The adherent MB/MS aggre-
gates interact and form cellular Bbridges” which is not ob-
served in the suspension culture (Fig. 3k). These aggregates
form structures similar to tunneling nanotubes (TNTs) which
are extensions that cells use to traffic signals and nutrients
under conditions of stress (Zani and Edelman 2010; Zhang
2011). However, the extensions seen between MB/MS aggre-
gates are larger and likely composed of cells. The lack of such
cellular bridges in MB/MS in suspension maybe due to re-
duced cell proliferation. Space is a stimulus for cell

proliferation, and when the MB/MS attach to the plate, cells
may receive fresh signals to divide, producing these cellular
bridges between aggregates. These cell bridges, or TNT, have
been shown to be F-actin-rich structures that provide mem-
brane continuity between connected cells and transport cellu-
lar components between them (Gurke et al. 2008). These
structures may be vital to long-range cell-to-cell communica-
tion (Gurke et al. 2008; Zani and Edelman 2010). From the
SEM experiments, it was observed that cell bridges between
MB/MS aggregates were considerably large (Fig. 3k, l). To
rule out the possibility that larger aggregates degraded during
sample preparation for SEM (fixation and serial dehydration
with ethanol) and forming these structures, we checked for
TNT-like structures or cell bridges in live, smaller MB/MS
aggregates by phase contrast microscopy (Fig. 4a–d).
Figure 4a show cell bridges between two MB/MS, which
was commonly observed in our cultures, between expanding
cells from different MB/MS-establishing bridges. A cell
bridge is shown in Fig. 4b which extends in length over
100 μm. Figure 4c shows large cell bridges between MB/
MS that are ~10 μm in diameter similar to the ones observed
by scanning electronmicroscopy (Fig. 4d) which suggests that
these formations are induced by cells. These cell bridges are
likely epithelial (EP) bridges that have been shown to be

Figure 4. Intercellular communication, viability, and preservation of
stem cell potency. Cellular functions and features are altered in MB/MS
and MB cultures that form unique structures for intercellular
communication and show reduced proliferation and retain stem cell
potency (marker expression). (a, b) Phase contrast micrograph showing
Bcell bridges^ between islands of MB/MS with varying diameters. Red
arrows indicate the linking structures. (b) A tunneling nanotube-like
structure connecting multiple islands of MB/MS. (c) EP bridges
(epithelial bridges) between MB/MS of larger diameter connecting

multiple MB/MS. (d) SEM image showing EP bridges between islands
of MB/MS, typically forming over the substratum or monolayer of cells.
(e, f) Passage number affects morphology of MB. Higher passage cells
form cohesive spheroids (e) unlike lower passage number cells that form
clusters (f). (g) Flow cytometric analysis showing retention of Sca-1
marker in 3D cultures compared with 2D Sca-1 marker expression.
(h–k) Comparative ICC for Sca-1 and CD44 markers on 2D and 3D
cultures. (l) MTT assay to quantify cell proliferation in 3D and 2D
cultures (**p value 0.001 to 0.01).
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structurally distinct from other cellular channels and mediate
migration of cells between cell masses (Zani and Edelman
2010). EP bridges are structurally identical to the cell bridges
observed in the MB/MS cultures (Figs. 3k, l and 4a–d). The
length of the bridges suggest that these formations are EP
bridges and not TNTas EP bridge diameters and lengths range
from 1 to 20 μm in width and bridge connections extend from
25μm to 1mm in length (Zani and Edelman 2010) identical to
the extensions observed in our cultures. The defining feature
of EP bridges and TNT is that these structures make no contact
with the monolayer of cells underneath and form over the
substratum (Zani and Edelman 2010) identical to the struc-
tures present in MB/MS cultures (Fig. 4d). Figure 4e, f dem-
onstrates the morphology of mesoid bodies that is determined
by the passage number of BMSC. Cells over passage 4 formed
cohesive spheroids where individual cells were not distin-
guishable (Fig. 4e), while cells under passage 4 formed clus-
ters of cells (Fig. 4f). It was also observed that with increasing
passage, the cells proliferated faster, and by passage 8, the
BMSC lose expression of significant stem cell markers
(Supplementary Fig. 1A).

The formation of cohesive spheroids may be related to the
proliferative capacity of the cell as embryoid bodies have a
similar cohesive structure and ESC have a significant rate of
cell division (Itskovitz-Eldor et al. 2000). The lower passage
cells have relatively lesser proliferative capacity, and this may
prevent the formation of similar spheroids. The clusters still
provide multiplanar interaction for cells, and the structure
maybe indicative of stem cell potency. Passage number plays
an important role in mesenchymal stem cell differentiation as
studies have shown that P4 rat MSC expressed cardiomyocyte
associated markers after treatment with 5-azacytidine while
P1 and P8 cells do not (Zhang et al. 2005). Similarly, cell
passage affects osteogenic ability of rat mesenchymal stem
cells (Li et al. 2015). To verify retention of stem cell potency
in MB/MS, we checked for the presence of the Sca-1 marker
which is a good indicator of regenerative potential (Welm
et al. 2002) (Fig. 4g). The Sca-1 marker is not expressed on
all cells in the BMSC population, but the MB/MS show a
reasonable number of cells that are positive and also appear
to contain cells of different sizes that distinctly express the
marker. However, the cell count is lower than TCP control
as cells do not proliferate in the MB/MS due to the relatively
reduced surface area. Cell proliferation is lower in MB/MS
cultures but such cells are viable and resume proliferation
when the MB/MS are shifted to TCP surfaces (Figs. 2e and
3h). In addition, these shiftedMB/MS retain stem cell markers
as shown in Fig. 4h–k, and the expression levels of Sca-1 and
CD44 proteins appear distinctly higher in shifted MB/MS
cells. MSC lose distinguishing markers with increasing pas-
sages and differentiation potential because of contamination
of cultures with mature cells including fibroblasts that gradu-
ally replace MSC (Halfon et al. 2011) and the stem cell

microenvironment. An MTT assay was used to assess cell
metabolism to indicate difference in levels of cell proliferation
between a TCP culture and MB/MS culture which were ini-
tially seeded with the same number of cells (Fig. 4l). MB/MS
reduce proliferation of potent cells and maintain the stem cell
niche in addition to providing a highly conducive environ-
ment for cell signaling which may be very useful in directed
differentiation for in vivo transplantation.

Differentiation of BMSC in 2D monolayer and 3D cultures.
Adipogenesis in scaffold-free and scaffold-assisted suspen-
sion culture. BMSC can differentiate into multiple lineages,
and as MB/MS appear to modulate important biological func-
tions such as cell proliferation, cell morphology, marker ex-
pression, and formation of cell–cell communication struc-
tures, cell differentiation may also be affected. Adipogenesis
frommesenchymal stem cells has been standardized by chem-
ical induction (Contador et al. 2015) and is quantifiable by
basic colorimetric analysis. Adipogenesis is also a process that
can be regulated by major signaling pathways such as MAPK
(Zang et al. 2013) which can be influenced by the MB/MS
microenvironment. Figure 5a, c, e shows untreated monolay-
er, MB/MS, andMB, while b, d, f shows adipogenic induction
medium (AIM)-treated cultures. The accumulation of triglyc-
erides (TGA) or lipid droplets is indicative of adipocytes
(Fig. 5b) (Kuri-Harcuch et al. 1978). These oval phase bright
structures are clearly visible in theMB/MS on the periphery of
the aggregates (Fig. 5d) as well as in the MB (Fig. 5f). No
TGA is seen in untreated samples (Fig. 5a, c, e). Figure 5g, h
shows untreated and AIM-treated MB, respectively, shifted to
TCP where the TG accumulation is visible in expanding cells.
The TGA is increased in the core of the MB which becomes
apparent as the MB recedes into the plate and cells migrate
away, allowing the visualization of these phase bright struc-
tures (Fig. 5h).

Having established that adipogenic differentiation can be
induced in MB/MS and MB, ORO was used to quantify the
lipid droplet (LD) or TG accumulation (Mehlem et al. 2013).
Figure 5i–l shows untreated TCP, AIM-treated TCP, and
AIM-treated MB/MS and MB, respectively, stained with
ORO. ORO-stained LD is visibly high in MB/MS and MB
(Fig. 5k, l), while TCP cultures also show stained lipid drop-
lets indicating adipocytes. Interestingly, ORO uptake also
confirmed mature, large LD in MB/MS and MB, while TCP
cultures showed smaller LD. To confirm adipogenesis within
the core of the MB, lipid droplet formation was qualitatively
assessed by Nile red, a vital stain that has specificity for lipid
droplets and can be detected by florescence microscopy when
cells are viewed for yellow-gold fluorescence (Greenspan
et al. 1985). Figure 5m, n shows Nile red-positive adipocytes
at the core of the MB and in its peripheral, expanding mono-
layer. To quantify and compare adipogenesis within 2D and
3D growth, adipocytes from TCP, MB, and MB/MS were
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stained with ORO and the dye was extracted from the lipid
droplets. Figure 5o shows absorbance readings at 520 nm of
ORO extracts from 2D and 3D cultures treated with AIM for
8 d. The highest uptake of ORO was recorded in MB/MS
which showed a ~2-fold difference over TCP and MB. This
is significant as the number of cells in TCP was higher as MB
and MB/MS cells do not proliferate and adipogenesis was
noted earlier in 3D culture than in 2D. The higher dye uptake
regardless of lower cell number can be attributed to mature
adipocytes with greater triglyceride accumulation.
Adipogenesis in 3D cultures of BMSC as reported here

indicates efficient and perhaps an enhanced differentiation
potential over traditional monolayer cultures. The number of
cells in a population that have committed to differentiation is
probably higher in 3D culture. This may be due to the main-
tenance of potent stem cells within the non-proliferative envi-
ronment of the MB or MB/MS.

Adipogenesis in scaffold-free, rotating cell culture. The use of
a scaffold is suitable for in vitro directed differentiation of
BMSC; however for transplantation and in vivo applications,
a scaffold-free culture such as MB would be more appropriate

Figure 5. Adipogenic differentiation in MB and MB/MS cultures in
suspension. Adipogenic differentiation (by adipogenic induction
medium (AIM)) in MB and MB/MS cultured in suspensions showing
triglyceride accumulation (TGA). (a, c, e) Control (untreated) TCP,
MB/MS, and MB. (b, d, f) AIM induction in TCP, MB/MS, and MB
showing TGA. (g, h) Untreated MB and AIM-treated MB transferred to
TCP with AIM-treated MB showing TGA in cells shed from aggregate.

(i–l) Oil Red O (ORO) staining in untreated TCP, treated TCP, treated
MB/MS, and treated MB, respectively. (m, n) Nile red staining for treated
MB transferred to TCP (high and low magnification revealing TGA in
core of MB). (o) Quantification of ORO accumulation in lipid droplets at
520 nm comparing untreated TCP with treated TCP, MB, and MB/MS
(**p value 0.001 to 0.01).
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as there would be no concerns about residual scaffold or deg-
radation of scaffold. In addition, MB shows higher differenti-
ation potential than traditional monolayer culture and still pos-
sesses the same transplantable advantage of an MB/MS. To
increase the efficiency of differentiation in MB cultures, a
RCCS was used. An RCCS is a rotating wall vessel that was
developed by NASA to simulate reduced gravity for cell cul-
tures (Ferrarini et al. 2013; Morabito et al. 2014) which also
generates 3D cell aggregates identical to the mesoid bodies in
our study. The shear-free culture and constant free fall cancel
the force of gravity on suspended cell cultures inside the ves-
sel (known as the high-aspect rotating vessel (HARV)) and
serves as an additional parameter that could influence differ-
entiation efficiency or potential. Figure 6a shows a 10 ml
HARV on a RCCS set to rotate at 27 rotations per minute
(rpm) inside an incubator. Figure 6b shows static control
(TCP monolayer) and RCCS-generated MB that is on aver-
age, 50 μm in diameter. Unlike larger MB generated in

suspension, RCCS-generated MB did not exceed 50–75 μm
in our cultures. MB was formed based on vessel rpm,
which influenced the rate of aggregation and viability of
cells in the MB. An MTT assay was carried out to
quantify cell proliferation in RCCS MB which showed
higher proliferation at 27 rpm (Fig. 6c). The trend of
slower proliferation similar to suspension MB is contin-
ued in the RCCS culture with static cultures being high-
ly proliferative. A flow cytometry analysis of cell cycle
of static BMSC and dissociated cells from RCCS MB
showed a lower population of cells within the G0G1
phase in MB-derived cells (Fig. 6d). The sub-G0 popu-
lation is likely from the mechanical and enzymatic dis-
sociation of MB during sample preparation for flow
cytometry as non-dissociated RCCS MB generate viable,
expanding cells when shifted to TCP (qs demonstrated
in CFU and BRDU assay for proliferative potential of
RCCS MB, Supplementary Fig. 1B, C).

Figure 6. Adipogenic differentiation of MB cultures in RCCS. Culture
of cells in the RCCS introduces constant free fall (reduced gravity) that
could influence differentiation. (a) High-aspect ratio vessel (HARV) run
at 27 rpm in a rotating cell culture system (RCCS) housed within CO2

incubator. (b) Static monolayer control and MB formed in RCCS. (c)
MTTassay to quantify cell proliferation in RCCS at 16, 27 rpm, and static
cultures. (d) Cell cycle analysis with PI for static and RCCS cultures
showing difference in G0G1 phase. (e, f, g) Untreated TCP, AIM
treatment in static conditions (TCP), and AIM treatment in RCCS MB
transferred to TCP. (h, i) Low magnification micrograph showing in-
creased triglyceride accumulation in AIM-treated RCCS MB transferred
to TCP cultures. (j) Comparison of total count of cells with TGA between
static monolayer and RCCSMB cultures showing higher number of cells
committed to adipogenic differentiation in RCCS MB (p value

<0.0001). k SQRT-PCR for CEBPα gene expression under AIM
treatment using three protocols. Asterisk indicates AIM treatment; R
RCCS MB, S static TCP, RS transferred from RCCS to static TCP.
Number indicates days in culture or treatment. Gene expression is
highest in S8* (static, AIM treated for 8 d) and R4S4* (RCCS MB
culture for 4 d without treatment, transferred to static TCP and AIM
treated for 4 d; see densitometry analysis of SQRT-PCR in graph in
Supplementary Fig. 1E). l CEBPα and FABP4 gene expression
quantified by real-time PCR. (m, n, o) Real-time PCR for gene
expression levels of central factors in adipogenesis of RCCS MB and
static cultures using three protocols (asterisks over error bars in graphs
represent statistical significance; *p value 0.01 to 0.05, **p value 0.001 to
0.01, ***p value 0.0001 to 0.001).
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Adipogenesis from BMSC in the RCCS was carried out
with multiple protocols which included Bpriming” the cells
in the RCCS followed by AIM induction and routine AIM
induction in RCCS. Static controls were treated for identical
time periods. Figure 6e shows adipogenic induction in static
monolayer and RCCS MB shifted to TCP. Figure 6e, f shows
untreated static control and AIM-induced static BMSC after
10 days, respectively. Figure 6g shows RCCS MB shifted to
TCP after 4 d followed by AIM induction for 6 d.
Figure 6h, i is lower objective micrographs to show extent
of adipogenesis in static and RCCS MB cultures. Cultures of
RCCS MB shifted to TCP clearly show higher number of
adipocytes as well as much more efficient differentiation of
cells into the adipogenic lineage. As the micrographs show,
the number of differentiated cells over undifferentiated is dis-
tinctly higher in RCCS MB despite lower number of cells in
culture (Fig. 6h, i). The percentage of cells that is committed
to adipocyte conversion in RCCS MB over static control
shows efficient differentiation in 3D as confirmed by the sta-
tistically significant count of cells with TGA in RCCS MB
over static (Fig. 6j, Supplementary Fig. 1D).

We report that the priming of cells for adipogenesis in the
RCCS prior to AIM induction improves the efficiency of dif-
ferentiation as demonstrated in Fig. 6e–j by validation with
semiquantitative and real-time PCR analysis of important
genes involved in adipogenesis such as central adipogenic
factors, peroxisome proliferator-activated receptor γ
(PPARγ), CCAAT-enhancer binding protein α (C/EBPα),
and fatty acid-binding protein 4 (FABP4) (Suh et al. 2015;
Tekkatte et al. 2012). Figure 6k shows CEBPα gene expres-
sion in BMSC through three adipogenic induction programs
applied in RCCS and static cultures. In the first protocol, a
basal level expression of CEBPα was present in untreated
static BMSC and RCCS cultures (<static expression levels)
after 8 days. AIM induction in RCCS and static for 8 d
(R8* and S8*) shows a considerable increase in gene expres-
sion indicating adipogenesis with similar expression levels in
both cultures. The second protocol involved AIM induction
for 4 days on MB shifted to TCP after 4 d in the RCCS
without treatment. CEBPα expression was significantly
higher in R4S4* as compared to S4S4*, the static control.
The third protocol showed lower levels of CEBPα expression
in RCCS (R4* < S4*) indicating that AIM induction for 4 d
in RCCS produced lesser adipogenesis than AIM-induced
static cultures (Supplementary Fig. 1E) although, a 4-d
AIM induction period may be too short to quantify adipogen-
esis. The overall gene expression of adipogenic markers
CEBPα and FABP4 are higher in RCCS MB cultures than
static as demonstrated by RT-PCR (1.3 and 2.5-fold, Fig. 6l).
The trend of higher gene expression using the protocol of 4-
day priming in RCCS prior to AIM induction continued in
Pparg and FABP4 real-time PCR analysis (8-fold and 3.9-
fold, respectively, Fig. 6m, n). Pparg gene expression was

2.7-fold higher in treated RCCS MB than treated static cul-
tures under AIM induction (Fig. 6o) which is highly signifi-
cant as Pparg is a central adipogenic factor and is part of many
signaling networks (Farmer 2005). Cell shape and cytoskele-
tal tension have been shown to influence lineage commitment
of MSC (McBeath et al. 2004), and the lack of gravity and its
effect on cell morphology and cellular functions may increase
the differentiation potential of these cells, which is seen even
after they are expanded as a monolayer after induction.

Osteogenic differentiation. As observed in adipogenesis, dif-
ferentiation potential is higher in 3D cultures of BMSC, and
this is significantly enhancedwhenMB are shifted to TCP and
allowed to expand as monolayer. Many cues in the local tissue
microenvironment regulate commitment of BMSC into mes-
enchymal lineages such as cell shape. HumanMSCs that were
allowed to adhere, flatten, and spread underwent osteogenesis
upon induction while unspread, round cells underwent adipo-
genesis (McBeath et al. 2004). These lineage differentiations
were mediated by endogenous RhoA conditional on a round
or spread shape. Therefore, a protocol of treating BMSC in
MB suspensions with osteogenic induction medium (OIM)
for 4 days followed by expansion in TCP as monolayer with
continued OIM administration for up to 14 d was applied,
allowing the cells to spread and flatten out during differentia-
tion. Figure 7a, d shows untreated TCP and untreated MB
shifted to TCP, respectively. Figure 7b, e shows OIM induc-
tion in TCP and MB shifted to TCP after 14 d with cultures
demonstrating mineralization characteristic of osteogenic dif-
ferentiation in vitro. Lower objective micrographs of OIM-
induced TCP and MB cultures clearly show dense minerali-
zation inMB cultures over TCP cultures (Fig. 7c, f). Similar to
adipogenesis, a larger number of cells in MB cultures commit
to osteogenesis producing dense mineralization whereas TCP
cultures show a considerable percentage of non-committed
cells under identical induction conditions.

Cardiomyogenic differentiation. Studies have reported the
derivation of contracting cardiomyocytes from MSC by in-
duction with 5-azacytidine (Makino et al. 1999; Balana et al.
2006). However, administration of 5-aza to BMSC in TCP did
not generate functional cardiomyocytes in our study. Real-
time PCR analysis for cardiac marker GATA4 only showed
a small increase in gene expression (0.64 log FC) as compared
to control cells—untreated BMSC, while GATA4 gene ex-
pression in the neonatal mouse heart was much higher (7.5
log FC) in comparison to the control cells (Fig. 7g). In order to
increase differentiation, BMSC isolation and culture was
modified to enrich the population of Sca-1+ cells. Sca-1+ pop-
ulations have been shown to have increased regenerative po-
tential compared with Sca-1− cells (Welm et al. 2002), and the
Sca-1+ population in the adult heart differentiates into beating
cardiomyocytes (Matsuura et al. 2004). Figure 7h shows no
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expression of Sca-1 in BMSC cultures isolated by basic 48-h
plating procedure; however, a modified protocol generated
cultures with small populations of Sca-1+ cells (Fig. 7h,
Isolation and culture of MSCs section). In addition to Sca-1+

expression, lower passage cells were used for cardiomyogenic

differentiation. 5-Aza treatment on Sca-1+ cultures improved
expression of cardiac markers MEF2C, GATA4,
NKX2.5, CHRM1, and CHRM2 with respect to untreat-
ed control (Fig. 7i), and ACTA1 was detectable in ICC
(Fig. 7j). However, the stromal cell shape was retained,
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and no instances of contraction were observed.
Cardiomyogenic differentiation of MSC is a complex
process, and studies report that differentiation cued
BMSC express cardiomyogenic proteins but do not generate
functional cardiomyocytes (Siegel et al. 2012). Untreated
bone marrow-derived MSC also express cardiac-specific
markers and retain the stromal phenotype without becoming
functional cardiomyocytes in vitro (Rose et al. 2008). Makino
et al. also describe the expression of cardiac markers in
untreated (with 5-aza) MSC in their study on generation
of a cardiomyogenic cell line from BMSC (Makino et al.
1999). Figure 7k shows western blotting for cardiac
markers GATA4 and ACTA1 which demonstrated protein
bands in both 5-aza treated and untreated cultures with very
little change in expression levels. Figure 7k (bottom panel)
shows western blotting for ACTA1 under 3D and 2D condi-
tions (MB shifted to TCP and TCP, respectively) where an
inc rease in 5 -aza - t r ea t ed MB can be obse rved
(Supplementary Fig. 1F). GATA4 expression was detected
by ICC in both cultures of 5-aza-treated TCP and MB shifted
to TCP (Fig. 7l, m, n). Functional cardiomyogenic differenti-
ation of BM-derived MSC is a rare event (Siegel et al. 2012),
and therefore, quantification of efficiency of cardiomyogenic
differentiation in MB and monolayer cultures is not conclu-
sive. Although beyond the scope of the current study, other
mechanisms of cardiomyogenic induction in MSC may yield
quantifiable differentiation in 3D cultures.

In conclusion, spheroid culture of BMSC as scaffold-free
MB or as aggregates with PLAmicrospheres provides a phys-
iologically relevant alternative to standard 2D culture on TCP.
3D culture allows the maintenance of viable BMSC, interac-
tion on multiple planes, and formation of specialized cell
structures such as epithelial cell bridges and retention of the
Sca-1 stem cell marker. The formation of structures similar to
tunneling nanotubes and EP bridges between MB/MS aggre-
gates in these cultures makes them functional models for
in vitro studies on complex cell–cell and cell–matrix interac-
tions. This is the first report of intercellular communication
structures such as EP bridges between scaffold-supported 3D
cell aggregates. Significantly, differentiation of BMSC into
the adipogenic lineage is enhanced in MB/MS and MB cul-
tures over standard TCP cultures, while expansion of mesoid
bodies on 2D substrates improves osteogenesis. Although
cardiomyogenesis was inconclusive and not quantifiable, ex-
pression of cardiac markers under both 3D and 2D culture
conditions suggests that multilineage potential is preserved.
Cardiomyogenic induction with other external differentiation
cues in 3D culture may yield functional cardiomyocytes.
Adipogenesis is of major relevance to metabolic diseases such
as obesity, and understanding adipogenic differentiation will
enable researchers to improve function of diseased adipocytes
or replace those cells (Unger et al. 2010). Enhanced adipogen-
esis was observed in all three methods of 3D culture. This is
the first report of an optimized protocol that efficiently derives
and enhances adipogenesis using a rotating cell culture sys-
tem. The priming of BMSC in RCCS 3D cultures can enhance
and optimize stem cells for use in regenerative therapies in-
volving cell replacement or augmentation of function.
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